Aims: The current study examined a large community cohort to understand relationships between indicators of alcohol consumption and hippocampal volume. Short summary: Alcohol use measures were not associated with hippocampal volume in a population-based sample. However, alcohol consumption was associated with hippocampal volume reduction in subsets of the sample including subjects aged ≥50 years old, and those with none to moderate levels of depressive symptoms. Methods: A total of 1848 adults with magnetic resonance imaging (MRI) and alcohol consumption data were included. Multiple linear regressions were performed with left or right hippocampal volume as dependent variables, and age, gender, race, education, body mass index, Quick Inventory of Depressive Symptomatology (QIDS-SR) scores, drinks per week (DPW), aspartate aminotransferase (AST), alanine aminotransferase (ALT), AST/ALT, γ-glutamyl transferase and mean corpuscular volume (MCV) as independent variables. Post hoc analyses were conducted to assess interactions of demographic factors and variables of interest (DPW, AST, ALT, AST/ALT, GGT and MCV). For statistically significant interactions, analyses were conducted in groups split by gender, depression (QIDS-SR scores ≥11 and <11) and age (≥50 and <50 years). Results: Average alcohol consumption in the population was low (μ = 2.95 ± 6.7 DPW). Alcohol consumption measures were not significantly associated with hippocampal volume in the primary analysis. Exploratory analyses revealed significant associations between DPW and right hippocampal volume in participants with QIDS-SR scores <11 (B = −3.75, P = 0.02, CI = −6.97, −0.52) and in those aged ≥50 years (B = −4.844, P = 0.023 CI = −9.023 to −0.664). AST/ALT was significantly associated with right (B = −93.66, P = 0.022, CI = −173.64 to −13.68) and left hippocampal volume (B = −109.79 P = 0.008, CI = −190.97 to −28.61) in participants aged ≥50 but not <50 years. Gender differences were not observed. Conclusions: The findings suggest a relationship between alcohol use indicators and right hippocampal volume in non-depressed and older adults.
INTRODUCTION
Alcohol use disorder (AUD) is common in the USA. The National Epidemiologic Survey on Alcohol and Related Conditions-III reported a 12-month prevalence of 13.9%, and lifetime prevalence of AUD 29.1% (Grant et al., 2015) . AUD is seen more often in men than women, white and Native American populations compared to African-American or Hispanic/Latino populations and individuals with low-income levels (Grant et al., 2015) . Study of the effects of alcohol consumption has established firm links between consumption and damage to a wide variety of organ systems including the respiratory (Mehta and Guidot, 2017) , cardiovascular/circulatory (Piano, 2017) , renal (Varga et al., 2017) , hepatic (Osna et al., 2017) , gastrointestinal (Bishehsari et al., 2017) and central nervous (Zahr and Pfefferbaum, 2017) systems.
Over the past three decades, increasing attention has been given to the study of the effects of alcohol on the brain. Studies of brain volumes using magnetic resonance imaging (MRI) scans of participants with AUD have demonstrated a range of associations between alcohol consumption, alcohol-associated biomarkers and brain matter changes. Investigations of hippocampal volume as it relates to alcohol consumption have been conducted based on observations that neurocognitive and memory dysfunction observed in AUD may be related to hippocampal volume (Oscar-Berman and Marinkovic, 2003) . Most published studies note smaller hippocampal volumes in alcohol-consuming study participants than non-drinking controls (Sullivan et al., 1995; Agartz et al., 1999; Laakso et al., 2000; Sullivan and Marsh, 2003; Lee et al., 2016; Topiwala et al., 2017) .
A common limitation of the available literature assessing hippocampal volume associated with alcohol and other conditions is small sample size (n = 52-550 for cited publications). The small number of study participants limits extrapolation of relevant information about relationships between alcohol consumption and hippocampal volume to larger populations and more generalizable trends.
Additionally, while the relationship between chronic or heavy alcohol use and pathological changes in the body has been extensively studied, the effects of alcohol consumption in participants who consume moderate amounts of alcohol are largely absent from the literature. The exceptions to this trend are publications using low or moderate 'healthy drinking' alcohol consumers as control populations, and one recent study including broad categories of alcohol consumption (Topiwala et al., 2017) . In addition to small study size, hippocampal volume studies of alcohol-consuming participants have included a majority of male participants: four studies included only males (Sullivan et al., 1995; Laakso et al., 2000; Sullivan and Marsh, 2003; Lee et al., 2016) and one study included mostly (~81%) male participants (Topiwala et al., 2017) . Two available studies demonstrated relatively balanced populations of male and female participants (Agartz et al., 1999; den Heijer et al., 2004) .
Based on the limitations of the current literature, studies of hippocampal volume in larger, more heterogenous populations that include a greater proportion of female participants and a broader spectrum of consumption are needed. In the current study, we examine the relationship between hippocampal volume, and indicators of alcohol consumption including self-reported drinking behavior, AST/ALT and GGT, in a population-based sample of 1848 adult participants from the Dallas Heart Study (DHS) cohort. We consider hippocampal laterality in our population to examine hippocampal volume in a manner consistent with previous investigations. Additionally, we used this large and diverse sample to separately explore subgroups based on self-reported depressive symptoms, gender and age. We hypothesized that self-reported alcohol consumption and biological markers of alcohol consumption would be associated with hippocampal volume and that elevations of these indicators would be associated with decreases in hippocampal volume.
Participants and methods
The study used data from the second phase of the Dallas Heart Study patient cohort (DHS-2). The cohort was derived from a large epidemiologic sample of residents of Dallas County, Texas which intentionally oversampled African-American participants to constitutẽ 50% of the cohort population (Victor et al., 2004) . Patient selection for inclusion in the initial study population, protocol for assessments, laboratory tests and imaging have been described previously (Victor et al., 2004; Neeland et al., 2012) . Initiation of the cohort and conduct of the present analysis were approved by The University of Texas Southwestern Medical Center Institutional Review Board (Victor et al., 2004) . University of Texas Southwestern Medical Center Institutional Review Board-approved written Informed consent was obtained from all participants.
Participants included in the present study were selected from the DHS-2 cohort population of 3401 participants. Participants were all individuals 18-80 years old who either participated in the first wave of the population-based study or to replace participants lost to attrition, were family members of a first wave participant who were aged >30 years. The data obtained from second phase analysis included a depression assessment (total Quick Inventory of Depressive Symptomatology (QIDS)-SR scores), drinking assessment and structural MRI of the brain. The QIDS-SR total scores were derived from raw QIDS-SR questionnaire scores and were summarized as specified by the survey authors (Rush et al., 2003) . Laboratory data collected as part of the parent study protocol included an extensive list of plasma biomarkers for cardiovascular outcomes, plasma lipid and sterol content, basic plasma chemistry and complete blood count. Data collection for participants was conducted from September 2007 to December 2009.
Demographic assessment
Demographic information obtained through the study were acquired by participant self-report. Ethnicity data was collected by subject selfreport within categories designated African-American, Caucasian, Hispanic and Other (Alaska Native, Asian, Pacific Islander and East Indian). Gender information was acquired by self-report and categorized as male or female.
Alcohol use assessment and associated biomarkers
Variables indicative of alcohol consumption included aspartate aminotransferase (AST), alanine aminotransferase (ALT), gammaglutamyltransferase (GGT), mean corpuscular volume (MCV) and AST:ALT. Drinks per week (DPW) were used as the direct measure of alcohol consumption in the current study and are generally considered to be a reliable and valid assessment of consumption (Sobell and Sobell, 1995) .
GGT has been used historically as a relatively sensitive, (30-90%) (SriRajaskanthan and Preedy, 2006) , but less specific (20-60%) (Whitfield, 2001; SriRajaskanthan and Preedy, 2006) measure of recent heavy alcohol consumption. GGT elevation may be a more specific marker in males than females (Niemelä, 2007) . GGT elevations resulting from heavy alcohol consumption generally normalize within 2-8 weeks of abstention from alcohol; with 'moderate-drinking' patient GGT levels normalizing more quickly (Whitfield, 2001) . AST and ALT as well as the ratio of AST/ALT are commonly cited as potential indicators of 'alcohol abuse' (Niemelä, 2007 (Niemelä, , 2016 or as confirmation of clinical suspicion of heavy alcohol use (Peterson, 2004) . Elevations in both AST and ALT are observed transiently in acute, heavy alcohol consumption by otherwise healthy participants and are observed chronically in alcoholic liver disease and cirrhosis (Cohen and Kaplan, 1979; Peterson, 2004) . MCV is a moderately sensitive indicator of longerterm alcohol use (Niemelä, 2007) . Despite the common association with heavy alcohol consumption, AST/ALT has been found to be more consistently associated with chronic alcoholic liver disease than it is associated with short-term alcohol consumption (Cohen and Kaplan, 1979; Sharpe, 2001 ) and thus would be potentially useful in the DHS-2 cohort as a measure of chronic heavy alcohol consumption. Other alcohol-related biomarkers including lactate dehydrogenase and carbohydrate-deficient transferrin were not collected as part of the DHS protocol and were therefore not available for analysis.
Neuroimaging
MP-RAGE and FLAIR images were collected on the same 3 T MRI scanner (Achieve, Phillips Medical Systems, Best, the Netherlands). Volumes of the left and right hippocampi were derived from MP-RAGE sequences. The images were taken in axial orientation from the vertex of the skull to the foramen magnum. MP-RAGE images were acquired with TR/TE = 9.6/5.8 ms, flip angle 12 degrees, SENSE factor = 2, field of view = 260 by 260 mm, 2 mm slices spaced at 1 mm centers, rows by columns by slices = 288 * 288 * 140, with voxel size of 1 * 0.9 * 0.9 mm (Hulsey et al., 2012) . The Talairach atlas was used for brain volume quantification. Individuals with atlas registration errors had the atlas manually aligned following procedures in FreeSurfer documentation, and were reanalyzed. MRI quantification was performed using the FreeSurfer image analysis (version 4.4), available for download from http:// surfer.nmr.mgh.harvard.edu. More detailed information regarding image acquisition processing is available in prior imaging publications from the DHS cohort (Hulsey et al., 2012) .
The automated analysis was run at Texas Advanced Computing Center at the University of Texas at Austin. Volumes of left and right hippocampi as well as other cortical and subcortical structure volumes were derived from 3D-MP-RAGE sequences.
Participants excluded from MRI scanning were those with history of brain surgery, metal fragments, pacemakers, implantable cardio-defibrillators, cochlear implants, spinal cord stimulators, or other internal electrical devices. Participants who had occupational exposure to metal fragments, who were pregnant and who reported prior strokes were also excluded. A total of 107 individuals with imaging data were excluded from subsequent MRI analysis based on issues with image quality or other issues. Participants with complete brain volume data the current study could be excluded from the initial study cohort if they had missing data for the previously specified predictor variables.
Statistical analysis
Multiple linear regressions were performed using SPSS version 24.0 (IBM SPSS Statistics). Variables included in all initial models were right or left hippocampal volume as dependent variables, and total QIDS-SR score, intra-cranial volume (ml), age (years), gender (male, female), race/ethnicity ('Hispanic, Caucasian, Other', 'AfricanAmerican') self-reported duration of education (years) and body mass index (kg/m 2 ) as independent variables. No regression analyses were repeated post hoc. The variables of interest included in the primary analysis (AST, ALT, AST/ALT, DPW, MCV and GGT) were right-skewed in most cases. Logarithmic transformation of these variables did not change their significance or improve model fits in any analysis. Smoking data was included in preliminary analyses, but did not demonstrate significant correlations with hippocampal volume, and did not influence model fit. We, therefore, did not include smoking data in our primary or post hoc analyses.
Following completion of the initial models, interaction terms of age, gender and race were created with each of the drinking outcomes of interest (AST, ALT, AST/ALT, GGT, MCV and DPW), and were analyzed for significance in linear regression models. When the interaction terms were statistically significant (P ≤ 0.05) additional regression analyses were conducted in binary subgroups based on demographic variables included in the interaction term. Subgroups included gender (female or male), depression (QIDS-SR scores ≥11 and <11) and age (≥50 and <50 years). Post hoc and subgroup analyses were corrected for multiple comparisons using Bonferroni method adjusting for two hippocampal volumes with significance designated at P = 0.025.
RESULTS

Initial results
Of the initial 3401 participants in the DHS cohort population with any data recorded, 1553 were excluded from the analysis due to missing data from any dependent or independent variable used in the analysis. Most of these participants (n = 1396) were excluded from analysis due to not receiving an MRI of the brain. A total of 1848 participants from the initial cohort were included in the final analysis.
The demographic characteristics of the participants are described in Table 1 . Participants with missing data who were not included in the analysis were demographically similar (59.1% female, 56.2% African-American, mean age 50.2 ± 11.8 years, mean education 12.3 ± 2.3 years) to those who were included. Since this was a population-based study, the average weekly alcohol consumption in the sample was lower than that of most published MRI-based studies of alcohol-consuming or abusing participants. Alcohol consumption information is summarized in Table 2 . Number of study participants within each level of alcohol consumption (none, normal consumption and high consumption) are provided in Table 2 but were not included in statistical analysis.
After controlling for demographic features, left hippocampal volume was not significantly associated with AST, ALT, AST/ALT, GGT, MCV or DPW. Right hippocampal volume was not significantly associated with AST, ALT, AST/ALT, GGT or MCV, but showed a trend toward a negative association with DPW (B = −2.78 P = 0.06, CI = −5.68 to 0.12). Regression coefficients and significance levels for these initial models are summarized in Table 3 .
Post hoc and subgroup analyses
Post hoc analyses were conducted to evaluate the moderating effects of demographic factors on indicators of alcohol consumption. Interaction terms were created using the drinking outcome measures (AST, ALT, AST/ALT, GGT, MCV and DPW) gender, QIDS-SR scores and age.
A significant gender * AST/ALT interaction was observed with right (B = −129.81, P = 0.01, CI = −229.95 to −29.66) hippocampal volume. Based on this observation and previous observations of greater alcohol effect on the brain of women compared with men (Mann et al., 1992) , the relationship between alcohol use variables and hippocampal volume was examined separately in male and female participants. No significant associations were observed in the male or female groups for DPW, ALT, AST, AST/ALT, GGT or MCV.
A significant QIDS-SR * DPW interaction was observed with left hippocampal volume (B = 0.85, P = 0.02 CI = 0.13-1.57). Because prior studies have noted primarily right or total hippocampal volume associations with depressive symptomatology, the relationship between depression, alcohol consumption and both left and right hippocampal volume was explored by dividing the cohort by QIDS-SR scores <11 (no depression to mild depression, n = 1669) and ≥11 (moderate to severe depression, n = 179) consistent with prior investigations of depression in this population (Brown et al., 2014) . Designation of a QIDS-SR score cutoff of ≥11 is based on psychometric validation studies comparing scores from the QIDS-SR to Inventory of Depressive Symptomatology and the Hamilton Rating Scale for Depression scores (Rush et al., 2003) . In participants with QIDS-SR scores ≥11 no significant associations between DPW and either right (B = 1.68, P = 0.64, CI = −5.35 to 8.71) or left (B = 5.68, P = 0.114, CI = −1.38 to 12.74) hippocampal volume were observed. Right, but not left, hippocampal volume was significantly associated with DPW in patients with QIDS-SR scores <11 (B = −3.75, P = 0.023, CI = −6.97 to −0.52).
The age * DPW interaction term demonstrated a significant association with right hippocampal volume (B = −0.36 P = 0.02 CI = −0.66 to −0.06). The age * AST interaction was also significant in both the left (B = −0.22, P = 0.02, CI = −0.41 to −0.04) and right hippocampus (B = −0.25, P = 0.01, CI = −0.43 to −0.07). The cohort was therefore divided by age ≥50 years (n = 930) and age < 50 years (n = 918) to explore the effects of age and alcohol consumption on hippocampal volume. Division of our study population by age ≥50 compared with <50 years was based on the cohort population average and age ranges utilized in prior publications which demonstrated similar divisions in effects around age 50 (Sullivan et al., 1995; Oscar-Berman and Schendan, 2002; OscarBerman and Marinkovic, 2003; Sullivan and Marsh, 2003) . The association between DPW and right hippocampal volume was significant in participants ≥50 years old (B = −4.84, P = 0.02 CI = −9.023 to −0.66) but not participants <50 years (B = 0.68, P = 0.74, CI = −3.37 to 4.74). DPW were not significantly associated with left hippocampal volume in participants either <50 years old or ≥50 years old. AST/ALT was significantly associated with left hippocampal volume (B = −109.79, P = 0.008, CI = −190.97 to −28.61), and right hippocampal volume (B = −93.66, P = 0.022, CI = −173.64 to −13.68) in participants ≥50 years old. AST/ALT was not significantly associated with either left or right hippocampal volume in participants <50 years old. ALT, AST, GGT and MCV were not significantly associated with left or right hippocampal volume in either age group.
DISCUSSION
The findings from the overall sample did not reveal a significant association between any alcohol use measure and hippocampal volume, although a trend toward a negative association between right hippocampal volume and DPW was observed. The relationship between alcohol consumption and hippocampal volume was modest in our analyses. These findings suggest that biomarkers of alcohol consumption and self-reported alcohol consumption were not significantly associated with right or left hippocampal volume in our overall sample population. The lack of a significant association between hippocampal volume and alcohol may be a result of differences in population compositions between our study and prior publications. Most prior studies only have included participants with an AUD diagnosis and controls, while our study included participants ALT, alanine aminotransferase; AST, aspartate aminotransferase; AST/ ALT, aspartate aminotransferase/alanine aminotransferase; GGT, gammaglutamyl transferase; MCV, mean corpuscular volume; QIDS-SR, quick inventory of depressive symptoms-self-rated; SD, standard deviation. Continued with a wide range of self-reported consumption. Our populationbased sample also had low average alcohol consumption, included abstinent participants and was composed of a more heterogeneous population (specifically, regarding gender and racial composition) than those of prior publications. Given recent observations that alcohol-related hippocampal volume reductions may be dose-dependent (Topiwala et al., 2017) , laterality favoring the right hippocampus observed in subgroup associations between hippocampal volume and interactions between DPW, age and QIDS-SR score may represent a consistent trend. These findings are consistent with previous publications indicating that chronic alcohol consumption may cause greater hippocampal volume loss than would be otherwise observed given age and relevant control measures (Oscar-Berman and Schendan, 2002; Sullivan et al., 1995) .
Significant associations were observed exclusively between variables indicative of alcohol consumption and right hippocampal volume in the exploratory analyses, which was consistent with the results of prior studies (Sullivan et al., 1995; Agartz et al., 1999; Lee et al., 2016; Topiwala et al., 2017) . The relationship between hippocampal volume and DPW in participants ≥50 years old is consistent with results of prior studies evaluating brain volumes of older individuals (Sullivan et al., 1995; Agartz et al., 1999; Sullivan and Marsh, 2003; Lee et al., 2016) . Generally, hippocampal volume appears to decrease with increased age in individuals with AUD and moderatedrinking individuals alike (Sullivan et al., 1995; Agartz et al., 1999; Sullivan and Marsh, 2003; Lee et al., 2016; Topiwala et al., 2017) where it does not decrease with age in abstinent individuals. A range of explanations for this observation have arisen, the most consistently supported of which is that the deleterious effects of problematic alcohol consumption are disproportionately experienced by older individuals (Oscar-Berman and Marinkovic, 2003) .
DPW in our population were significantly associated with right but not left hippocampal volume in patients whose QIDS-SR scores indicated no symptoms or mild depressive symptoms (QIDS-SR score <11), though they were not associated with hippocampal volume in patients with moderate to severe depressive symptoms (QIDS-SR score ≥11). The selectivity of this effect for the right portion of the hippocampus is congruent with another recent cohort study mentioned previously (Topiwala et al., 2017) . The significance of the QIDS-SR * DPW interaction is of interest due to the consistent reports of depressive symptom association with hippocampal volume in both smaller prospective samples (Mathias et al., 2016) and similarly sized cohort studies (Brown et al., 2014) . Our model and prior studies from the DHS data suggest that DPW and depressive symptomatology (QIDS-SR scores) are both associated with reductions in hippocampal volume, and each modifies the association of the other with hippocampal volume in the cohort population (Brown et al., 2014) . Based on a search of available literature sources, this is the first report of a significant interaction effect of alcohol consumption and depression symptom severity on hippocampal volume in a population of this size.
The effects of chronic alcohol consumption on the hippocampus may be reflected by the association of AST/ALT and hippocampal volume observed in older DHS patients. Several publications have noted relationships between the AST/ALT and alcoholic liver disease (Botros and Sikaris, 2013; Niemelä, 2016) . While the AST/ALT is not completely specific to alcohol consumption or alcoholic liver disease, the significance of the AST/ALT association with hippocampal volume in individuals ≥50 years old within the DHS cohort suggests that AST/ALT may serve as a proxy for the chronicity and severity of alcohol consumption with corroboration of other indicators of alcohol use.
The relationship between right hippocampal volume and AST/ ALT was more pronounced in male patients than in female patients in our population, although neither group demonstrated significant associations. The stronger interaction effect in male participants was an unexpected outcome given that prior studies have suggested that female hippocampi are more susceptible to alcohol-induced volume decrements (Mann et al., 1992) . Prior studies of alcohol consumption biomarkers have found that female participants have lower overall levels of liver enzymes (Halvorson et al., 1993) , and female moderate and heavy drinkers have lower incidence of elevated liver enzymes than male moderate and heavy drinkers (Anton and Moak, 1994; Alatalo et al., 2009) . Female participants also tend to have higher baseline AST/ALT ratios than men (Mera et al., 2008) . These observed trends in the liver enzymes of female participants could potentially result in less observable variability in liver enzymes any level of alcohol consumption, and a less apparent relationship between liver enzyme biomarkers and hippocampal volume in female participants.
Our analysis was limited by several issues inherent to the population cohort datasets. Traditional biomarkers of alcohol consumption (AST, ALT, AST/ALT, GGT and MCV) are less likely to reflect GGT: Gamma-Glutamyl Transferase, AST/ALT: Aspartate Aminotransferase: Alanine Aminotransferase Ratio, AST: Aspartate Aminotransferase, ALT: Alanine Aminotransferase, MCV: Mean Corpuscular Volume differences in alcohol consumption between abstinent and moderate-drinking participants compared with differences between abstinent or moderate-drinking, and heavy drinking participants (Hietala et al., 2006) . Additionally, the biomarkers available in the DHS study that potentially correspond to alcohol intake (AST, ALT, AST/ALT, GGT and MCV) are considered generally specific, but not very sensitive, for the detection of alcohol consumption (Sharpe, 2001; Hietala et al., 2006) . Handedness data was not collected as part of the cohort protocol, and our analysis, therefore could not control for the effects of handedness on hippocampal volumes. The amount of alcohol use within the cohort was assessed by self-report and only reflects alcohol consumption within the past week. The amount of self-reported alcohol consumption in the DHS study population was also much lower than amounts reported in previous publications. Earlier analyses have examined historical measures of alcohol consumption including age at onset (Agartz et al., 1999; Laakso et al., 2000) , total alcohol consumption (Sullivan et al., 1995; Lee et al., 2016; Topiwala et al., 2017) and years drinking alcohol (Agartz et al., 1999; Sullivan et al., 1995) . Measures of the chronicity of alcohol consumption within our population may have provided additional information for a more explicit comparison of associations between sample populations, but no such measure was available in the DHS-2 dataset.
Our data analysis was also limited by quantification of volumes using an older version of FreeSurfer (4.4). Newer iterations of the FreeSurfer Software (6.0) may have provided more precise quantification of hippocampal volumes and allowed for analysis of hippocampal subfields which was not possible with FreeSurfer version 4.4.
CONCLUSION
Our data and analyses provide indications that hippocampal volume differences may be present, but less apparent than those observed in studies evaluating participants with alcoholism compared to moderatedrinking or abstinent participants the community. Relationships between indicators of alcohol consumption and hippocampal volumes were not overtly apparent, which was anticipated based on the results of prior recent publications. Our results provide additional support to prior experimental observation of right hippocampal volume decrements associated with alcohol consumption in a variety of settings. Our findings are also consistent with prior observation of associations between advanced age and continued alcohol consumption related to hippocampal volume loss. Studies specific to participants who consume alcohol may provide clearer estimations of the effects of alcohol on the hippocampus.
